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Abstract 
Every year, over one million people are exposed to weather-related landslide hazards around the World. 
Due to the recent climate change, it is likely that the decrease of permafrost areas, changes in precipitation 
patterns and increase of extreme weather events will influence the weather-related mass movement activities. 
This paper reports the recent development of a ground-based synthetic aperture radar (GBSAR) for 
continuous monitoring of landslide-prone areas in Malaysia. It is an ultra-wideband system operating at 17 
GHz with spatial resolution of 0.3 m in range and 5.8 mrad in cross range. The system is mounted on a rail 
which travels along a linear guide to achieve SAR imaging. The GBSAR has been installed at a test site to 
provide timely information for landslide monitoring and early warning system. The paper discusses the 
design, development and field experiments using the new GBSAR system. 
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1. Introduction 
Synthetic Aperture Radar (SAR) is an active sensor 
which can achieve fine along track resolution by 
taking the advantage of radar motion to synthesize a 
large antenna aperture. Over the past few decades, 
SAR has been widely used as an important and 
efficient tool for Earth remote sensing [1]-[3]. SAR is 
typically operated in microwave frequencies and 
capable of providing high resolution two-dimensional 
images independent from cloud coverage and weather 
conditions. SAR interferometry is a powerful and 
well-established technique for the determination of 
object displacements with high precision and accuracy. 
Examples of applications using interferometric SAR 
(InSAR) include detection and precise measurement of 
surface topography, glacier movements, as well as 
ground deformation and subsidence [4]-[5].  
The feasibility and the effectiveness of space-borne 
InSAR for monitoring ground displacements at a 
global scale due to landslides have been well 
demonstrated [6]-[7]. On the other hand, ground-based 
InSAR has the advantage of providing continuous 
monitoring of landslide-prone areas at relatively low 
cost and simple setup. For small-scale features or 
change detection, a higher frequency band at 
millimeter wave region is preferred as it is more 
sensitive to surface roughness and small-scale 
structures such as rocks and debris. Examples of 
millimeter wave Ku-band (16 GHz LISA, 17.2 GHz 
IBIS) and W-band (95 GHz) ground-based SAR 
(GBSAR) systems have also been reported in [8]-[10], 
which clearly shows the capabilities of InSAR in 
detecting small-scale features at a regional scale.  
This paper reports the design and development of a 
Ku-band ground-based SAR (GBSAR) system for 
timely landslide monitoring. The system is mounted on 
a linear rail that moves along an azimuth range of 1.5 
m. The key idea is to compare the phase of two or 
more complex InSAR images that have been acquired 
at different times. When terrain displacements occur in 
the time elapsed between two image acquisitions, the 
phase change due to the tiny path length difference of 
the radar wavelength can be accurately measured in 
the order of millimetric accuracy. By continuously 
measuring these displacements, timely information can 
be extracted for landslide monitoring and early 
warning system. 
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2. System-Level Specifications 
Table 1 summarizes the technical specifications of 
the GBSAR system. The proposed system operates at 
17.26 GHz (Ku-band) with a bandwidth of 500 MHz. 
Millimeter-waves are chosen to allow the monitoring 
of small-scale changes. The spatial resolution is 0.5 m 
in range and 5.8 mrad in azimuth range. FMCW 
configuration is chosen for short-range operation. The 
millimetre-wave radar front-end and antennas are 
mounted on linear rail with 1.5 m in length. 
 
 
Table 1: Design Specifications 
No.  Specifications Design 
Value 
Remarks 
1. Operating 
Frequency 
17.26 
GHZ  
Ku-Band, λ = 17.4 
mm 
2. Bandwidth 500 MHz range resolution = 
30 cm 
3. Waveform FMCW For short range 
operation.  
4. Polarization single, HH  Dual antenna, H 
transmit and H 
receive  
5. Transmit 
Power 
1 W 30 dBm 
6. Antenna 
Aperture 
5 cm Pyramidal Horn 
Antenna 
7. Antenna Gain 16 dB  
8. 3dB 
beamwidth 
24.0° 
(azimuth) 
24.0° 
(elevation) 
Azimuth range 
illumination: ~420 m 
at range distance 
1000 m 
9. Synthetic 
Length 
1.5 m For easy 
transportation and 
installation 
10. Range 
Resolution 
0.5 m   
11. Azimuth 
Resolution 
5.8 mrad 2.9 m at 500 m, 5.8 
m at 1000 m.  
12. Maximum 
Sensing 
Distance 
1500 m  
13. Sigma naught −20 dB  
14. SNR > 10 dB  at 1000 m 
 
 
Figure 1 shows the geometry of the GBSAR. At a 
sensing distance of 1000 m, the azimuth illumination 
is approximately 420 m. The GBSAR will move along 
a high precision motorized linear rail at 10 mm per 
step, which is equivalent to 150 sample points in 
azimuth direction. At each azimuth position, the radar 
transmits a FMCW signal at Ku-band with total 
bandwidth of 500 MHz to yield the range resolution of 
0.3 m. After SAR processing, the azimuth resolution is 
5.8 m at 1000 m.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: The GBSAR Geometry 
 
 
3. GBSAR System Design  
Figure 2 shows the functional block diagram of the 
GBSAR system. It consists of three major components, 
namely (1) RF and antenna subsystem, (2) embedded 
radar processing subsystem, and (3) high precision 
linear scanning platform.  
 
3.1. RF and Antenna Subsystem 
The RF front-end module is depicted in Figure 3. 
The baseband FMCW waveform is generated by a 
custom-designed direct digital synthesizer (DDS). The 
clock frequency to drive this generator is delivered by 
a 10 MHz phase-locked oscillator. The FM frequency 
is set at 156 Hz, and the sweep bandwidth is 500 MHz. 
This signal is then upconverted to Ku-band (17 GHz), 
amplified and sent out through a transmitting horn 
antenna. The transmit power is about 30 dBm. A 
directional coupler is used to couple a small portion of 
this power to the RF receiver’s mixer. The transmitting 
antenna is a miniature pyramidal horn with aperture 
size of 5 cm. It has 14 dB gain and 24° beamwidth in 
both azimuth and elevation planes. The antenna pattern 
is shown in Figure 4.  
The RF receiver has multiple stages of low noise 
amplifiers (LNAs), to amplify the weak signal returns 
from the receiving antenna. The amplified signals will 
then be mixed with a reference transmit signal to 
produce the in-phase (I) and the quadrature-phase (Q) 
intermediate frequency (IF) signals. The maximum IF 
signals are approximately 1.5 MHz at 1500 m. 
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Figure 2: Functional Block Diagram of the GBSAR 
 
 
 
 
Figure 3: RF Front-end Module 
 
 
 
 
Figure 4: Antenna Radiation Pattern 
 
 
3.2. Embedded Radar Processing Subsystem 
The functional block diagram of the embedded radar 
processing subsystem is shown in Figure 5. The I and 
the Q of the received IF signals will first be digitized 
by a 100 MHz analog-to-digital converter (ADC) and 
stored onto the onboard solid-state hard disk (SSD). 
Upon completion of every scan (150 steps), the 
real-time SAR processing module will read in the raw 
data and perform SAR processing using range-Doppler 
algorithm. The generated SAR image will then be 
stored and compared with the next-scan image to yield 
temporal change detection. The hardware prototype of 
the embedded radar processing module is shown in 
Figure 6. 
 
Figure 5: Embedded Radar Processing Module 
 	  	  
	  
Figure 6: Hardware Prototype of the Embedded 
Processing Module 	  
 
3.3. High Precision Linear Scanning Platform 
In order to achieve stable and linear movement at 
fine resolution, a high precision linear scanning 
platform has been developed. Figure 7 shows the 
hardware prototype of the linear scanning platform. Its 
working length is 1500 mm and its achievable step size 
is 1 mm. For every SAR acquisition, a total of 150 
range samples will be captured at a spatial interval of 
10 mm along azimuth direction.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Hardware Prototype of the Linear 
Scanning Platform 
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4. Field Experiments and Results  
Figure 8 shows the experimental setup during a field 
test at Melaka, Malaysia. Trihedral corner reflectors 
are placed on a slope to perform external calibration. 
 
 
(a) GBSAR In Operation 
 
(b) Test Site 
Figure 8: Experimental Setup for GBSAR 
 
For every SAR acquisition, the GBSAR travels 
along its azimuth direction and collects a total of 150 
range samples at every 10 mm interval. The echo of 
one single target within the antenna beam will be 
present at every azimuth position and is therefore 
defocused. After range compression, an ideal point 
target appears at each pixel of the recorded raw image 
with the same amplitude but the phase is a function of 
the antenna position. Azimuth range compression is 
achieved by multiplying the azimuth range sample 
with the complex conjugate of the baseband reference 
signal at frequency domain, and finally, the resultant 
signal is inverse-Fourier transformed to obtain a 
focused image in both range and azimuth domain.  
A sample of the focused SAR image with single 
point target is shown in Figure 9. The point target is 
then shifted by 10 mm for every subsequent scan, for 
10 scans. Figure 10 shows a sample of the phase 
difference plot derived from two SAR images taken at 
different time. The phase difference dφ is extracted to 
compute the displacement dR by using the following 
equation:  
 
dR  = λ dφ / 4π   (1) 
 
where λ is the wavelength of the transmit frequency. 
The measured displacement results are presented in 
Table 2. It is clearly shown that the GBSAR is capable 
of detecting sub-centimeter changes with error bound 
within ± 5 mm.  
 
  
 
 
 
 
 
 
 
Figure 9: Point Target Return 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Temporal Change Detection using Two 
SAR Images  
 
 
Table 2: Displacement Measurement Results 
 
Target Setup 
Distance (mm) 
Measured 
Distance (mm) 
Error (mm) 
10 11.6 1.6 
20 21.7 1.7 
30 31.6 1.6 
40 42.1 2.1 
50 51.6 1.6 
60 62.0 2.0 
70 71.1 1.1 
80 84.2 4.2 
90 93.4 3.4 
 
 
5. Conclusions 
A new ground-based Synthetic Aperture Radar 
operating at 17 GHz has been designed and developed. It 
has 0.3 m × 5.8 mrad spatial resolutions, and change 
detection capabilities up to 5 mm. The system will be 
used for landslide monitoring at selected test sites in 
Malaysia. 
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